1. Like many other venomous organisms, scorpions use their venom in defence against predators. Scorpions apply their venomous stinger by extending the caudal part of the body, the metasoma, forward towards the attacker. There are considerable differences in metasoma morphology among scorpion species, and these may afford differences in defensive strike performance. 2. We investigated the movement trajectory and kinematics of the defensive strike in seven species of scorpions, and how these variables are related to each other, and to morphology. 3. We recorded defensive strikes using high-speed video, and reconstructed the trajectory of the telson. From these trajectories, we calculated velocity, acceleration and other kinematic variables. To compare strike trajectory shapes, we used geometric morphometrics. 4. We have shown that the defensive strike differs in trajectory shape, speed, path length and duration between scorpion species. Body size is also an important factor affecting strike characteristics. Relative metasoma length and girth may also influence strike performance, as well as strike trajectory shape. Strikes with different trajectories have different kinematic properties: those with open trajectory shapes attain higher speeds. 5. Our results show that performance differences in defensive behaviour between different scorpion species may be partly mediated by morphology, binding together phenotypic, functional and behavioural diversity.
Introduction
Understanding the evolutionary mechanisms underlying functional and morphological diversity is a major objective of evolutionary biology. Structures and behaviours that determine individual survival are of particular interest in this context, as they are expected to respond more promptly to selection. Defensive strategies are a matter of life and death, which makes them a crucial component of survival, and thus a direct target of selection. Particularly smaller animals generally employ several defensive strategies to avoid being preyed upon. Primary defences, such as camouflage or inconspicuous behaviour, operate to avoid detection by a predator, while secondary defences, such as fleeing, thanatosis or actively resisting the predator, increase the chance of survival in an encounter. For the latter strategy, many arthropods, which are often too small to cause sufficient mechanical damage to a larger vertebrate predator, have evolved noxious chemicals (Blum 1981) and venoms (Bettini 1978) to dissuade a larger predator from continuing its attack. To reduce risk of injury, small organisms from several groups have developed morphologies to quickly deliver noxious stimuli to predators. For instance, the shooting of venomous barbs by cone shells and nematocysts by cnidaria are well-known examples of fast venom delivery systems in aquatic environments. In the terrestrial realm, spiders, centipedes and hymenopterans deliver venom defensively, but snakes and scorpions stand apart in launching elongated body parts towards their victim with a rapid strike.
Rapid striking motions can be directly powered by muscles, or employ a power amplification system. Mantis shrimp (Burrows 1969) , salamanders (Deban 2004 ) and chameleons perform their rapid strikes using a power amplification system (Deban et al. 2007; Anderson 2016) . On the other hand, strikes that are powered directly by muscle contractions are likely constrained by body size; these include the strikes of scorpions and snakes (but see Young 2010) . The defensive strike of venomous snakes is functionally similar to the strike of scorpions; a section of the body is extended forward with the aim of injecting venom into the attacker.
Scorpions are an excellent group where to study active antipredator responses, as they defend themselves with both their venomous sting and their chelae (pincers). In order to apply the stinger, scorpions move the metasoma ('tail'), which consists of the last five segments of the body, forward over the front part of the body. The stinger at the end of the metasoma, the telson, carries the venom. Scorpions use their telson in defence (Palka & Babu 1967; Van der Meijden et al. 2013; Carlson, McGinley & Rowe 2014) as well as for prey incapacitation (Cushing & Matherne 1980; Casper 1985; Rein 1993) . In both defence and prey capture, the venom is delivered by applying the telson, which consists of a sharp barb, the aculeus and a more bulbous section containing the venom glands and associated musculature, the vesicle. In Africa, known scorpion predators include vertebrates such as fennec (Brahmi et al. 2012) , bats (Holderied, Korine & Moritz 2011) , snakes (Barlow et al. 2009 ) and lizards (Castilla et al. 2015) . In other areas, where scorpion ecology has been studied more intensively, some of the major predators of scorpions are other scorpions. Both interspecific predation as well as cannibalism occurs (Polis & McCormick 1987; Polis 1990; Lighton et al. 2001) .
The venom a scorpion injects with its telson carries components that are painful, and potentially life threatening to predators, which are often vertebrates. To this end, scorpions have evolved vertebrate-specific venom components (Pimenta et al. 2001; Bosmans, Martin-Eauclaire & Tytgat 2007) in addition to the arthropod-specific venom components (Arnon et al. 2005; Gurevitz et al. 2007 ) necessary to subjugate their prey.
The speed at which the telson is applied differs greatly between defensive and prey capture situations. In prey capture, the telson is only applied after the scorpion has firmly gripped the prey with its chelae. The telson is brought over the body with the metasoma, and several searching motions are usually made for up to 50s before a suitable stinging site is found, and the prey is stung (Bub & Bowerman 1979) . The search for a suitable site for stinging may be guided by sensory organs on the cuticula (Foelix, Erb & Braunwalder 2014) . The telson is then moved away from the prey relatively slowly. The telson is also used in mating by the male to sting the female during courtship. This is also a relatively slow behaviour, similar to that described above for prey incapacitation; the male probes the female with its telson for a relatively soft section of the cuticula before stinging (Tallarovic, Melville & Brownell 2000) . In contrast, in defensive situations the stinger is rapidly launched towards the perceived threat, often without gripping the source of the threat with the chelae. It has been reported, be it on only from a single observation, that the vesicle may contact the attacker before the aculeus, which is subsequently pushed forward (Zhao, Shu & Feng 2016) .
Searching motions can then also be performed in order to find a soft spot to sting the attacker (van der Meijden, Coelho & Rasko 2015) . If the scorpion is held by the attacker, for instance, in interspecific predation or cannibalism, the motions become more similar to those observed during prey incapacitation, albeit with more urgency (pers. obs.). This is followed by injection of the venom, which can take as little as 0Á028 s, and can vary greatly in the amount injected (van der Meijden, Coelho & Rasko 2015) . It has been hypothesized that scorpions control the amount of expelled venom (Nisani & Hayes 2011) , as venom regeneration may be costly (Nisani, Dunbar & Hayes 2007) .
Scorpions vary considerably in the relative length and girth of their metasoma. This is famously linked to the potency of the venom (Newlands 1969; Kleber et al. 1999; Leeming 2003) , but the functional implications of such morphological variation have never been investigated in detail. These differences may afford performance differences, particularly in a fast defensive behaviour. Since thicker metasomas, such as those of Androctonus australis (Ewing, 1928) and Parabuthus transvaalicus (Purcell, 1899) contain considerable amounts of muscle, we would expect such species to differ in strike performance compared to species with slenderer metasomas. However, Carlson, McGinley & Rowe (2014) did not find a correlation between the sexually dimorphic metasoma morphologies and their defensive performance in the bark scorpion, Centruroides vittatus (Say, 1821). Nevertheless, differences in relative metasoma size between males and females of this species are not as extreme as those found among different species of scorpions. Also, that study considered stinging rate and latency of the initial defensive stinging behaviour, whereas morphological traits may rather be more associated to other performance components. For example, strike speed and acceleration are expected to be more highly dependent on musculature, particularly in defensive strikes. Stinging seems to be the fastest behaviour exhibited by scorpions and is expected to bring forth the maximal performance in strike speed.
Here, we explored the functional morphology associated with defensive stinging in scorpions. We studied uninhibited strikes of unrestrained scorpions, which are relevant in defence against larger predators, but not for intraspecific predation among scorpions or cannibalism. Seven species of scorpions were used to investigate variation in kinematic traits and stinging trajectory shape, and associating it to morphological variation, at the strike, individual and species levels. Five northern Saharan buthid species were included: A. australis, Androctonus amoreuxi (Audouin, 1826), Hottentotta gentili (Pallary, 1924) , Hottentotta franzwerneri (Birula, 1914) and Leiurus quinquestriatus (Ehrenberg, 1828) . These are all vagrant buthids from arid areas, with some overlapping distributions. To contrast these, two more species were included: the buthid P. transvaalicus, from South Africa was included as, contrary to the other buthid species, it sprays its venom at the attacker as its preferred method of antipredator behaviour; the scorpionid Pandinus imperator (Koch, 1841) was included as it is of a different family, and it differs from the included species in being a fossorial sit-and-wait predator. Specifically, we wanted to address the following questions: (i) Do defensive strikes differ between species in kinematics and trajectory shape? (ii) What is the influence of body size on striking performance? (iii) Which other aspects of morphology influence the strike? (iv) Which is the contribution of phylogenetic relatedness in strike variation?
Materials and methods
We examined six buthid and one scorpionid species from Africa, with a range of metasoma morphologies (Fig. 1) . From L. quinquestriatus with a relatively long and slender metasoma, through A. amoreuxi and H. franzwerneri and H. gentili, to the species with very robust metasomas: A. australis and P. transvaalicus. We also included the scorpionid Pan. imperator (Koch, 1841) to represent a more distantly related species. A total of 23 specimens from seven species were used (Table S1, Supporting Information). Live scorpions were obtained through field collecting or the pet trade, and were all in apparent good health upon acquisition as well as throughout the experimental period. They were maintained individually in plastic boxes with dry (cork granulate) or wet substrate (damp soil) plus hiding structures (polyethylene tube) within a temperature and light-controlled chamber (26°C; 12 h photoperiod). They were fed once every 3 weeks with living crickets (Acheta sp.).
Morphological measurements were made from digital images following Stahnke (1970) . Prosoma length (ProsL), total length (TL) and metasoma length (MetaL) were measured for all specimens to the closest 0Á01 mm. To calculate the relative thickness of the metasoma (RMT), we first estimated the mean cross-sectional area of the metasoma as the product of the mean width and the mean dorsoventral diameter of metasomal segments 1, 3 and 5. RMT was then calculated as the ratio between the length of the metasoma and the above estimate. Relatively thick metasomas therefore have a smaller RMT value than slenderer metasomas.
Behavioural trials to quantify stinging performance were performed in a square filming arena consisting of a 15 9 15 cm flat rubber sheet glued to a glass substrate, surrounded by four 15 9 15 cm mirrors supported by a metal frame. The mirrors, positioned at c. 45-50°provided side views (see Video S1). At each trial session, we filmed a 3D printed plastic calibration shape with 12 calibration markers. The defensive strikes were recorded at 500 frames per second at a resolution of 1280 9 1024 pixels using a FasTec TS digital high-speed camera (FasTec Imaging, San Diego, CA, USA) positioned above the arena and providing a top view. Light was provided by three infra-red LED arrays.
To enable comparisons between species, all observations were made at the same temperature (23 AE 1°C). Despite an acclimatization period of all specimens to the same temperature, it is likely that the species may have different optimum temperatures. The alternative would be to estimate the optimum temperature for each species, and then carry out the experiments at the optimum temperature for each species. This would certainly affect performance for each species, since muscular contraction speed is affected by temperature. In the current experimental approach, optimal temperature is lumped together with other physiological differences between species that may be the cause of the observed differences in strike performance.
A reflective dot was painted on the venom gland of each individual at least 1 day prior to the trials to serve as a landmark facilitating automatic tracking. Scorpions were placed in the arena, and defensive strikes were induced by touching the pedipalps with a small metal probe. To minimize differences in motivation, we supplied the minimal force that would elicit a strike. However, the applied force was administered by hand, and not standardized. Trials were recorded during a maximum period of 5 min or up to five strikes to avoid fatigue. The resulting videos were edited to begin with the stimulus and end right after the scorpion ceased its strike. Each specimen rested a minimum of 6 h between effort periods. Strikes during which the metasoma or telson contacted the probe were excluded, leaving only the uninhibited strikes for analysis.
V I D E O A N A L Y S I S
Videos were saved as uncompressed avi files, and lens distortions were removed prior to analysis using a customized script in MAT-LAB (The MathWorks Inc., Natick, MA, USA, script available upon request from the authors). Videos were calibrated, digitized and 3D positions reconstructed using the DLTdv5 digitizing tool package (Hedrick 2008) 
The centre of the venom gland was digitized from all video frames from at least three orthogonal views (additional views were digitized if the DLT residual errors were above 2.0). The resulting 3D landmark trajectories were filtered using a zero phase shift fourth-order low-pass Butterworth filter in MATLAB, with a cutoff frequency set at 40 Hz (see Fig. 2 for an example of a filtered trajectory). All further data processing to obtain kinematic variables were performed on the filtered data in MAT-LAB. Since scorpions continuously move before and after a defensive strike, we defined the strike as starting when the telson had initially reached 10% of the maximum speed during that event, and to end when it had again reached 10% of the maximum speed at the end of the strike.
K I N E M A T I C V A R I A B L E S
Kinematic variables directly related to velocity included mean speed (meanS), maximum speed (maxS) and maximum acceleration (maxAc). We also considered path length (pathL) as the total distance travelled by the telson during the strike. Finally, the linear distance from the start to the end point of the strike (ABdist) and the duration (Dur) were also considered. All variables were calculated from the landmark trajectories.
T R A J E C T O R Y S H A P E
Strike trajectories contained different numbers of sampled points due to variations in strike duration. In order to compare the shape of the trajectory described by the telson during defensive strikes, we re-sampled the trajectories to contain 50 evenly spaced landmarks. These 50 landmarks were used as homologous landmarks in the subsequent trajectory shape analysis using geometric morphometrics. The re-sampled trajectories were superimposed using a generalized procrustes analysis (Rohlf & Slice 1990 ) to remove the effects of scale, location and orientation, and obtain trajectory shape variables for subsequent analyses.
S T A T I S T I C A L A N A L Y S I S

Differences across species
We first examined whether trajectory shape as quantified using geometric morphometrics and kinematic variables varied across species. Because our data included several strike trajectories per individual, we first tested for differences between species in trajectory shape using general linear models (glm) where the individual was included as a random factor. Trajectory shape was summarized using a principal components analysis of superimposed landmark coordinates, and species differences were examined for all principal components that explained >5% of the variation. This was necessary as glm designs like the one implemented here are not at present available for multidimensional data, such as shape. Since Pan. imperator is of a different family than the other species, and to ensure differences across species were not only the result of including this more divergent species, we also performed this analysis excluding Pan. imperator.
In addition, for the genera for which strike data were available for two species (i.e. Androctonus and Hottentotta), we repeated the glms described above to verify whether significant differences in trajectory shape and kinematic variables existed between species of the same genus.
Size effects
Because trajectory shape and function may depend on body size, we also examined an ANOVA model that included isometric body size as a covariate to test whether species differences persisted after taking size variation into account. For this purpose, and in order to avoid pseudoreplication in our data, we first calculated the mean of each kinematic and trajectory shape variable per individual. These individual-level data were then used to examine variation in strike trajectories across species while accounting for body size. Isometric body size (IsoSize) was calculated by projecting four linear biometric measurements (TL, ProsL, MetaL and RMT) on an isometric vector. This method of size correction was chosen as there does not seem to be a single linear measurement that corresponds well with overall body size in scorpions (Fox, Cooper & Hayes 2015) . We then calculated the regression residuals of each single linear measurement with IsoSize to obtain sizecorrected traits. Because P. transvaalicus was represented in our sample by a single specimen, which did not allow us to evaluate of allometric relationship between trajectory traits and size, this species was excluded from this set of analyses. Because trajectory shape data dimensions were higher than the number of specimens included in our sample, and because sample size and variance varied across species, we used randomization techniques to test for significance, using the function procD.lm of GEOMORPH R-package (Adams & Otarola-Castillo 2013) . Post hoc comparisons were conducted based on the pairwise matrix of Euclidean distances for each trait by 1000 randomization cycles of size-corrected individual values (Table 1 ; Fig. 3 ).
Association between strike trajectory shape, kinematic variables and morphology
To examine the association between trajectory shape and kinematic variables, we used a two-block partial least squares (PLS) analysis to obtain vectors that maximized the covariance between both multivariate sets of variables based on all strikes available (n = 179). We used permutations with 1000 cycles to test for the significance of the correlation between the trajectory shape and kinematic vectors produced (Rohlf & Corti 2000) , as implemented in the function two.b.pls of GEOMORPH R-package (Adams & Otarola-Castillo 2013) . We then examined the same hypothesis at the evolutionary level, that is, using PLS to assess the association between trajectory shape and kinematic variables across species, while taking phylogeny into account (see below). For this purpose, we examined the multivariate association between species means for trajectory shape and kinematic variables using the function phylo.pls of the GEO-MORPH R-package (Adams & Otarola-Castillo 2013) . Furthermore, we used the same sets of PLS analyses at the individual (n = 23) and species levels to examine multivariate associations between morphology and trajectory shape, and between morphology and kinematic variables of the strike. Because the effect of body size on other morphological traits and on the kinematic variables (i.e. Table 2 ) could blur the associations of interest, we repeated the PLS analyses investigating the association between these two sets of traits after correcting them both for the effect of body size, as represented by IsoSize.
Phylogenetic signal
To investigate whether shared evolutionary history had an effect on strike trajectory traits, we estimated the phylogenetic signal in our data using Blomberg's K (Blomberg, Garland & Ives 2003) and its generalization for multidimensional data (Adams 2014) , as implemented in the functions physignal of the GEOMORPH R-package (Adams & Otarola-Castillo 2013) . For this purpose, we used a phylogeny based on CO1 sequences of the seven species in this study (see Fig. S1 ). The tree was calculated in MEGA 6.06 (Tamura et al. 2013) using maximum likelihood under the GTR+G model, which was the best-fitting model under the Bayesian information criterion. We then used the mean path lengths method to estimate relative node age (Britton et al. 2002) and obtained an ultrametric phylogeny, setting the root age to 1. Finally, we trimmed this tree to include only one terminal node for each of the six species examined here (Fig. 1) . We tested for significant phylogenetic signal in each of the strike trajectory traits examined using 1000 randomization cycles.
Results
V A R I A T I O N I N S T R I K E T R A J E C T O R Y A C R O S S S P E C I E S
Our results show that there are marked differences between species in the kinematic variables (Table 3 , Fig. 4 ). Maximum and mean speed are correlated (R 2 = 0Á96), and the highest absolute speeds are achieved by L. quinquestriatus and A. australis. The mean of the maximum acceleration is also highest in these two species. Several trajectory traits, including both trajectory shape and kinematic variables, also differed significantly across species (Table 4) ; the first two principal components of trajectory shape, and all included kinematic variables differed across species. Our analysis excluding Pan. imperator similarly showed a significant effect of species on the first two PC's of trajectory shape and all kinematic variables (Table S2 ).
The two pairs of closely related species of the genus Androctonus showed significant differences in strike trajectory shape and maximum speed (PC2, maxV, respectively, see Table 2 ). In contrast, the two species of Hottentotta did not show differences in any of the tested variables.
S I Z E E F F E C T S
Our results show that although size is a significant factor determining variation in trajectory shape and kinematic variables, differences among species in these traits remains significant after taking size variation into account (Table 1) . There is also a significant interaction effect between species and IsoSize, indicating that the effect of size may differ between species. Pairwise comparisons of size-corrected data show significant differences in the speed and acceleration variables between L. quinquestriatus and several other species, with the former having the highest values: maxS (L. quinquestriatus vs. Pan. imperator, P = 0Á002), meanS [L. quinquestriatus vs. H. franzwerneri (P = 0Á019), H. gentili between L. quinquestriatus and several other species, again with the former obtaining the highest values: pathL [L. quinquestriatus vs. A. amoreuxi (P < 0Á001), A. australis
The duration differed significantly between the Androctonus and Hottentotta species, with the latter having the longest durations: Dur [A. amoreuxi vs. H. franzwerneri (P = 0Á013), H. gentili (P = 0Á007) and A. australis vs. H. franzwerneri (P = 0Á007), H. gentili (P = 0Á014)]. 
Significant P-values are marked in bold font. maxS, maximum speed; meanS, minimum speed; maxAc, maximum acceleration; pathL, path length; ABdist, linear distance from the start to the end point of the strike; Dur, duration. 
A S S O C I A T I O N B E T W E E N S T R I K E T R A J E C T O R Y S H A P E , K I N E M A T I C V A R I A B L E S A N D M O R P H O L O G Y
Examination of the multivariate association between different blocks of traits (i.e. strike trajectory shape, kinematic variables and morphology) yielded significantly correlated PLS vectors for the pairs morphology -kinematic variables (r = 0Á946, P = 0Á001; Fig. 5 ), and trajectory shape -kinematic variables (r = 0Á802, P = 0Á001; Fig. 6 ) and morphology -trajectory shape (r = 0Á600, P = 0Á014) at the individual level. The PLS vectors describing the association between strike trajectory shape and kinematic variables revealed that open strikes, that do not fold back on their starting point, presented higher velocities, acceleration and distance. Trajectory shapes that do fold back towards their starting point seem to have a shorter overall duration. The association between body morphology and kinematic variables was largely driven by body size effects, as verified by the high positive loadings of all morphological traits on the morphology PLS vector, and it resulted in a marked differentiation of the large-bodied Pan. imperator across the morphokinematic space of association (Fig. 5) . A PLS analysis including IsoSize confirmed that size is the main factor determining variation in kinematic variables. When examined at the species level, and taking phylogenetic effects into account, all associations exhibited high correlations between the two compared vectors. However, these were non-significant in the cases of the trajectory shape -kinematic variables (r = 0Á773, P = 0Á225) and the morphology -trajectory shape (r = 0Á679, P = 0Á237) PLS vectors, possibly due to the low number of species included. On the other hand, scorpion morphology and kinematic variables exhibited a significant PLS association across species (r = 0Á909, P = 0Á047), which was, however, mostly due to body size variation across species and was rendered non-significant (r = 0Á560, P = 0Á455) once size effects were accounted for. 
P H Y L O G E N E T I C S I G N A L
Significant phylogenetic signal was detected in kinematic variables, but not in trajectory shape or morphology (Table 5 ). Variables involved in speed showed significant phylogenetic signal (maxS, meanS, maxAc, Dur), but not those related to the size of the strike trajectory (ABdist, pathL).
Discussion
This study bares new findings in scorpion defensive behaviour. By combining for the first time high-speed video recording and geometric morphometric techniques for quantifying motion characteristics, we could obtain a finescale description of strike trajectories and explore the association between trajectory kinematics and trajectory shape, and scorpion morphology. The kinematics and trajectory shapes of scorpion strikes differ between species, even after correcting for body size effects. When considering overall patterns, open strikes are associated with higher velocities, whereas folded trajectories are slower. Open trajectories are associated with large-bodied scorpions which perform longer strikes, both in length and duration. Our results suggest that scorpions may have a range of possible defensive responses in their strike behaviour alone. Each of the strike behaviours described here may have advantages in specific defensive situations and therefore may reflect predator-prey ecology.
S P E C I E S D I F F E R E N C E S
We found that strike trajectory shape, velocity, size and duration differ significantly between species. Even in a separate analysis including only the scorpions from the family Buthidae, excluding the large scorpionid Pan. imperator, species was a significant factor. The differences in strike trajectory shape and kinematic variables between species remain significant after accounting for size variation in the ANOVA analysis. This suggests that these differences are not only the result of body size (IsoSize), but may be the product of other differences between species, which may be allometric, physiological or behavioural. For instance, size may influence kinematic variables such as speed and acceleration by changing the ratio between accelerated mass and cross-sectional area of the muscle. Of course even without such biomechanical scaling effects, a larger metasoma executing the same motion pattern at a larger scale will have a higher speed than a smaller one, provided the two motions have the same duration. It was therefore expected that size would have an influence on the kinematic variables of the strike. However, it seems to also have a significant effect on its trajectory shape (Table 1) . Scaling effects of mass and muscle cross-sectional area may favour a different strike trajectory shape in larger specimens. The PLS analysis showed that IsoSize is negatively correlated with speed and acceleration (Fig. 5) . This may be due to the inclusion of a very large and relatively slow species: Pan. imperator. Since the specimens were similar in size within each species, we were unable to test if this relationship between body size (IsoSize) and strike trajectory shape holds within a single species. The relationship between strike trajectory shape and body size will require further experiments to test whether this relationship also holds at the intraspecific level, as well as to identify the proximate and/or evolutionary, ecological, structural or physiological processes driving this association. However, this pattern may also be, at least in part, a by-product of the species considered in this study.
Species differences were also found in our comparison of the two pairs of closely related species. Trajectory shape (PC2) and speed (maxS) of the strike of A. australis differs significantly from that of A. amoreuxi. Speed and acceleration differences were more pronounced after size correction. This difference in performance may be due to Table 4 . Summary statistics and likelihood comparison of general linear models of trajectory traits with species as a fixed factor and individual as a random factor (full), with a reduced model not including species as a predictor
The percentage of trajectory shape variance explained by each principal component is indicated in brackets. Significant P-values are marked in bold font. maxS, maximum speed; meanS, minimum speed; maxAc, maximum acceleration; pathL, path length; ABdist, linear distance from the start to the end point of the strike; Dur, duration.
differences in morphology; these two species are very similar in body size and trajectory shape, but differ markedly in the girth of the metasoma. Androctonus australis, also known as the fat-tailed scorpion, has an extremely robust metasoma, whereas the metasoma of A. amoreuxi is much thinner. Despite the name 'fat tailed', the metasoma of both species contains, besides the intestine, mostly muscles. The difference between the two Androctonus species in trajectory shape and maximum speed, with the latter being higher in A. australis, could therefore be the result of its more robust, muscle-packed metasoma. Acceleration is also higher in A. australis and this difference is almost significant (P = 0Á06). The marked difference between these species is particularly interesting, as they are closely related with overlapping distributions, and this may therefore be the result of different ecological demands. Also across all species, relative metasoma thickness (isoRMT) was, after size, one of the major factors associated with higher velocity strikes (Fig. 5) , indicating that metasoma girth may also be the main driver of performance difference between A. australis and A. amoreuxi. The other species pair, consisting of the two Hottentotta species, is far more uniform in morphology. These two species did not differ in any of the trajectory shape or kinematic variables.
S T R I K E T R A J E C T O R Y S H A P E V S . S T R I K E K I N E M A T I C S
We found that more open strike trajectories, where the start and end point are further away from each other, are associated with higher velocities, accelerations, greater distances travelled and shorter strike durations (Fig. 6 ). This trend seems to also hold for single species, such as L. quinquestriatus. As can be seen from the mean strike trajectories (Fig. 7) , both Androctonus species, L. quinquestriatus and Pan. imperator favour such open strikes. After correcting for overall size, open strikes are associated with relatively longer metasomas (Fig. 8) . Such strikes typically have the telson move from above the body with the metasoma curved, to a position well behind the scorpion, with the metasoma extended. Also strikes that start with the metasoma extended horizontally behind the body will tend to result in an open strike. More closed strikes are also associated with a smaller pathL, indicating that these movements are more limited in scope. Such movements were observed to start from the same position as the more open strikes, but return to the same position. Parabuthus transvaalicus favoured more closed strikes. This may be due to the specialized behaviour of this species, which can spray venom at its attacker in addition to the normal stinging behaviour seen in other species (Newlands 1974; Nisani & Hayes 2015) . These spraying movements of the metasoma are often very limited in scope, and the motion is usually limited to the last segments of the metasoma.
S C O R P I O N S W I T H A S L E N D E R M E T A S O M A M A Y A C H I E V E S P E E D W I T H O P E N S T R I K E S
Interestingly, our results with L. quinquestriatus show that a very thick metasoma may not be necessary for a rapid strike. Leiurus quinquestriatus has the highest maxS, meanS and maxAc of all species included in this study, even after size correction. It also employs a different strike trajectory on average. Whether this can be attributed to the longer metasoma in this species is unclear. A longer metasoma would allow each of its segments to act as a longer outlever, and thus increase the speed. In addition, longer metasomal segments would allow for longer muscle fibres which, all else being equal, contract more rapidly than shorter fibres. However, these effects would then also have allowed Pan. imperator to strike with a very high speed, since its metasoma (mean length 5Á70 cm, see Table S1 ) is even longer than that of L. quinquestriatus (mean length 4Á67 cm). On the other hand, in slender metasomas, the available space may not be sufficient to pack in enough muscle to accelerate the mass of the metasoma rapidly. A more slender metasoma is negatively related to speed (Fig. 5) , and positively related to more open strikes (Fig. 8) . The mechanical underpinnings of this relationship, as well as its generality across other species of scorpions, will need to be studied further. The strikes of both Pan. imperator and L. quinquestriatus are of the open type, which in turn are associated with faster strikes (Fig. 6 ). Yet, the strikes of Pan. imperator, even before size correction, are among the slowest of the species included in this study. This species is known to rely more on the large chelae for defence (Van der Meijden et al. 2013) and prey capture (Casper 1985) . It may therefore have experienced less intense selective pressures to evolve or maintain a rapid strike.
V A R I A B L E S R E L A T E D T O S P E E D P R E S E N T S I G N I F I C A N T P H Y L O G E N E T I C S I G N A L
When investigating the potential effect of shared evolutionary history on strike trajectory and morphology, we found significant phylogenetic signal in strike speed and acceleration, but no phylogenetic signal was detected for strike trajectory shape or morphology. While species sampling effects or measurement error may contribute to this pattern (Blomberg, Garland & Ives 2003) , it is interesting to note that kinematic variables, but not morphological traits, exhibit an association with phylogenetic relatedness in this system. Whole-organism performance has been suggested to be subject to stronger selective pressures as compared to associated morphological traits (Irschick et al. 2008) , which could result to values of Blomberg's K lower than those kinematic variables under adaptive processes (Blomberg, Garland & Ives 2003) . In contrast, we found that kinematic variables related to strike speed and acceleration exhibited high values of phylogenetic signal as quantified by the K statistic, which implies that these traits are more similar among closely related species than that expected under a stochastic evolutionary process following Brownian motion (Blomberg, Garland & Ives 2003) , which could suggest instances of stasis or stabilizing selection. On the other hand, we could not detect significant phylogenetic signal for morphological traits. This could be a result of the relatively low number of species considered here (Blomberg, Garland & Ives 2003) , or morphological traits may actually exhibit a pattern of variation across species that is not associated with phylogeny, but reflects ecological demands. Because morphology is subject to the influence of a wide series of biotic and abiotic factors, and morphological patterns emerge as a balance between variation accumulated through developmental processes and adaptive pressures, the traces of shared evolutionary history could be easily erased, a pattern already known for scorpions (Sharma et al. 2015) .
Since the strikes we studied were uninhibited, they do not require neurosensory feedback. However, since the strikes are intended to deter a predator, successful strikes would encounter resistance along the path described. This would require a rapid response, such as the rotation of the metasoma and/or telson to an optimal stinging angle, and the rapid release of venom upon successful penetration. Active responses may vary with where a resistance is encountered along the strike path, as differences in speed along the strike path vary. The penetration force will be a function of the momentum, which in turn is determined by mass and velocity, and muscle and apodeme stress on the moment of impact. At similar speeds, species with a thick metasoma will therefore have a larger penetration force due to the larger mass in motion. This may be why A. australis has a more robust metasoma than the ecologically similar A. amoreuxi. Given the overlapping distribution with a likely similar predator composition, Androctonus species would be suitable candidates to study the differences in pressure from interspecific competition, cannibalism and predation.
The relevance of such interactions is well documented in North American desert scorpions (Polis & McCormick 1987; Polis 1990; Lighton et al. 2001 ).
Our results show that different strike strategies exist, as can be seen from the variability in strike trajectory, with considerable overlap in trajectory shape among species. Open strikes traversing a large portion of space (large pathL) have a higher probability of encountering the body of the predator. The more closed strikes traverse a smaller space, but have the advantage of returning the telson in a position where it is ready to be launched again. These two approaches may therefore be the result of different selective pressures by different types of predators. The more open strikes also showed a higher mean speed, increasing the momentum and thus the chance of immediate penetration by the aculeus upon contact with the predator. The more open strikes, with a higher chance of success, but also requiring a repositioning of the metasoma afterwards, may be a more apt response to a higher perceived level of threat. Since it is known that scorpions can modulate their behaviour to a perceived threat level (Nisani & Hayes 2011) , further research could similarly investigate the relationship of strike strategy to perceived threat level or predator type. Venom metering itself may only be the end of a hierarchical chain of behavioural responses, starting from a stimulus from the predator.
The two Hottentotta species are associated with oases and less arid environments (Sousa et al. 2011) , whereas Androctonus and Leiurus occur in arid and very arid desert respectively. In addition, Hottentotta scorpions are frequently found climbing palm trees, contrasting with the more terrestrial behaviour of L. quinquestriatus and Androctonus scorpions. Strike trajectory shape seems partially associated with the ecology of these three genera, with more open strikes being associated with the drier environments. However, the limited number of taxa in this study does not allow this association to be tested. The fact that Pan. imperator favours a more open strike trajectory, counters this pattern.
Conclusions
We have shown that the defensive strike of scorpions differs significantly between species yet the ecological significance of these different strategies, apart from that of P. transvaalicus, needs to be considered with caution. Different defensive strike strategies suggest that diverse defensive or other functional demands act on the venom delivery system of different species of scorpions. The mechanical underpinnings and ecological significance of MetaL and girth, velocity, acceleration and trajectory shape must be elucidated further. 
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